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SUBSURFACE RADIATING DIPOLE 
Abstract of the Invention 
A system for in situ heating of oil shale by radiating 
electromagnetic wave energy from a dipole radiator positioned 
beneath an overburden in a body of oil shale. Radio frequency 
power is supplied from the surface through a transmission line 
to the radiator dipoles whose diameters are substantially greater 
than the spacing between the transmission line conductors* The 
dipole radiator is center fed by the transmission line through 
a reentrant choke structure substantially filled with a solid 
dielectric medium and concentric with one of said dipole elements. 



1199106 



Summary of the Invention 



In accordance with this invention , a dipole radiating 
structure is provided in which both halves of the dipole struc- 
ture have substantially the same diameters. Good impedance 
matching from a coaxial line into this radiating structure can 
be achieved by direct coupling to a coaxial line whose outer 
conductor diameter is substantially less than the outer diameter 
of the dipole radiating elements. 

More specifically, in accordance with this invention, a 

10 rigid coaxial line extends from an RF generator at the surface 
to said radiator, into one end of a hollow dipole radiator 
element of said dipole structure with said coaxial line outer 
conductor being electrically connected to said hollow dipole 
element adjacent the midpoint of said dipole structure. A 
coaxial choke is formed between the outer wall of the outer 
conductor and the inner wall of the dipole. In accordance 
with this invention, the major portion of the space between 
said walls is filled with a solid dielectric medium, and the 
size and dielectric constant of said dielectric medium is 

20 chosen to make the propagation velocity of RF energy in the 
choke substantially equal to the propagation velocity of said 
energy in the oil shale body. Such a structure has been found 
to have improved directivity and better impedance matching 
over a wide range of frequencies. 

This invention further discloses that the lower half of 
said dipole radiator may be connected to the center conductor 
of said coaxial line. Said central conductor may extend up 
inside the outer conductor of said coaxial line to a point 
where a tensile stress is applied to said coaxial central 

30 conductor and longitudinal compressive stress is applied to 
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said outer conductor which is in turn connected to the upper 
half of said dipole structure. This tension urges said lower 
dipole half against a dielectric block separating said dipole 
halves hence urging said upper dipole half against the end of 
the outer conductor of said coaxial line to form said dipole 
structure. 

In accordance with this invention, each half of the dipole 
radiator may be approximately a quarter wavelength long while 
still maintaining substantially maximum intensity of the radia- 

10 ted pattern in a plane perpendicular to the axis of the dipole 
radiator at the center of the dipole. This permits a good im- 
pedance match of the dipole to the transmission line even when 
the frequency of the radiated power is varied over a bandwidth 
of 30 percent. When each half of the radiator dipole has a 
length which is approximately an odd number of quarter wave- 
lengths, such as 3 quarter wavelengths, the frequency may be 
varied over 10 percent while still retaining good radiation 
pattern directivity and good impedance matching. Thus, since 
depth of penetration of the radiated wave into oil shale varies 

20 as a direct function of wavelength, the same radiator may be 
used to supply either a fundamental frequency in which the 
radiating system is a half wavelength long, or an odd harmonic 
thereof such as the third harmonic where each dipole half is 
3/4 of a wavelength. Since the third harmonic has a shorter 
wavelength, depth of penetration will be less so that regions 
closer to the radiator may be first heated to pyrolytic decom- 
position temperatures. Thus, in accordance with this invention, 
the formation may be heated first close to the radiator to 
produce gaseous and liquid products of pyrolytic decomposition 

30 of kerogen and may then be run at lower frequencies to heat 

regions of the oil shale at a greater distance from the radiator. 
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According to one broad aspect of the present inven- 
tion, there is provided a subsurface radiator comprising: a 
dipole antenna having first and second radiating elements; 
means for connecting a transmission line between said radiating 
elements; and means comprising a solid dielectric having a 
dielectric constant substantially greater than unity for pro- 
viding a resonant load, coupled to a free end of said first 
one of said dipole radiating elements when said one of said 
radiating elements is radiating into a medium having a dielec- 
tric constant substantially greater than unity, and for pro- 
viding structural reinforcement for each of said first and 
second radiating elements. 

According to another broad aspect of the present 
invention, there is provided a subsurface radiating system 
comprising: a dipole antenna having first and second radiating 
elements radiating into a subsurface medium having a dielectric 
constant substantially greater than unity; each of said 
radiating* elements having a conductive portion forming a por- 
tion of a cavity; a transmission line having an inner conduc- 
tor surrounded by an outer conductor electrically connected 
between said radiating elements, said outer conductor being 
connected to said first of said radiating elements and said 
inner conductor being connected to said second of said radia- 
ting elements; and means comprising a solid dielectric within 
said cavity portion of each of said radiating elements for 
producing resonant loading of a free end of said first one of 
said dipole radiating elements and for providing structural 
reinforcement for said first and second radiating elements. 

According to yet another broad aspect of the present 
invention, there is provided a subsurface radiating system 
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comprising: a dipole antenna having first and second radiating 
elements radiating into a subsurface body of oil shale; each 
of said elements having a conductive portion forming a portion 
of a cavity substantially filled with a solid dielectric; a 
transmission line electrically connected between the midpoint 
of said dipole antenna and an inner and outer conductor of said 
transmission line; and said transmission line being surrounded 
by said solid dielectric within said cavity portion of said 
first one of said radiating elements of said dipole antenna. 
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Brief Description of the Drawings 

Other and further objects and advantages of this invention 
will be apparent as the description thereof progresses, reference 
being had to the accompanying drawings wherein; 

FIG. 1 illustrates a vertical sectional view of a subsurface 
installation of the invention in a body of oil shale; 

FIG. 2 illustrates an enlarged transverse sectional view 
of the invention of FIG. 1 taken along line 2-2 of FIG. 4; 

FIG. 3 illustrates an enlarged transverse sectional view 
10 of the invention of FIG . 1 taken along line 3-3 of FIG. 1; 

FIG. 4 illustrates an enlarged vertical sectional view of 
the radiator, of FIG. 1 taken along line 4-4 of FIG. 2; 

FIG. 5 illustrates a diagram of relative heating patterns 
along the upper half of the dipole radiator of the invention; 
and 

FIG. 6 illustrates a plot of the standing wave ratio of the 
invention as a function of deviation of frequency from the resonant 
frequency. 



30 
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Description of the Preferred Embod<m»nf 
Referring now to PIGS. 1-4, there is sh o„ n a subsurface 
radiation system comprising a transmission line structure 10 
extending from the surface 12 into a body 14 of oil shale 
beneath an overburden 16 and above a substrate 18. By way of 
example, a borehole 20, which may be, for example, 17 inches 
in diameter, is drilled from the surface 12 through the over- 
burden 16 and substantially through the oil shale body 14 into 
the substrate 18. A casing 22 of, for example, inch thick 
10 steel and having a 17-inch outside diameter is driven down 

through bore 20 from the surface into the upper region of the 
oil shale body. A concrete ring 24 is poured around casing 22 
adjacent the surface 12 to seal the casing into the overburden, 
in addition, a concrete pad 26 may be poured into the bottom 
of bore 20 to seal the lower portion of the oil shale body at 
or above the substrate 18. if desired, the lower end of casing 
22 may also be sealed into the shale oil formation by pumping 
a body of concrete 28 down casing 22 when the borehole 20 has 
been drilled down to a point slightly below the upper surface 
20 of the shale oil body 14 and, after allowing the concrete body 
28 to set up, drilling through the concrete to complete the 
bore 20. 

in accordance with this invention, a coaxial radio fre- 
quency transmission line 30 extends through casing 22 into the 
oil shale formation 14 to supply rf energy to a dipole radia- 
ting structure 32. structure 32 has an upper dipole radiating 
element 34, a central ceramic cylinder 36 and a lower dipole 
radiating element 38. 

The coaxial line 30 has, for example, an outer diameter of 
30 6 5/8 inches and may be spaced from the inner walls of casing 22 
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by spacers 40 which may be, for example, ceramic collars resting 
on couplings 42 connecting the length of the outer conductor 
46 of coaxial line 30. Spacing collars 40 may have vertically 
extending passages 44 through which gas or liquids may pass 
between the surface and the upper portion of the bore 20. 

The inside diameter of coaxial line outer conductor 46 is 
approximately 6 inches and surrounds an inner conductor 48 
whose outer diameter is, for example, 2 3/4 inches. As illus- 
trated herein, the inner conductor 48 preferably has a central 

10 bore which is approximately 2 inches in diameter, and the mini- 
mum cross-sectional area of the metal portion of inner conductor 
48 is approximately 2 3/4 square inches. Since inner conductor 
48 is preferably of high strength steel, it can be subjected 
to a tension in excess of 10 tons without exceeding its elastic 
limit even at elevated temperatures. 

The lower end of inner conductor 48 is attached by welding 
to, or threading into a hole in, the center of a steel plate 
50. Plate 50 is 14 inches in diameter, and supports the lower 
dipole radiator 38 beneath central ceramic cylinder 36. The 

20 upper surface of central ceramic cylinder 36 'is contacted by a 
steel plate 52 having a circular aperture therein which is 
the same diameter as the inner diameter of coaxial line outer 
conductor 46. Plate 52, which has an outer diameter of 14 
inches, is welded to the lower end of outer conductor 46 at 
the periphery of the aperture in plate 52 and to an outer 
radiating cylinder 56 of upper dipole radiator 34. Cylinder 
56 has an outer diameter of 14 inches and extends upwardly 
from plate 52 to form the radiating surface of upper dipole 
half 34. A similar cylinder 58 is welded to plate 50 and 

30 extends downwardly therefrom to form the radiating surface of 
lower dipole member 38. 
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A ceramic spacing cylinder 60 , approximately a foot long 
and fabricated of high strength dielectric such as alumina, is 
positioned between coaxial line outer conductor 46 and inner 
conductor 48. Ceramic spacing cylinder 60 may, for example, 
be strengthened by being prefabricated in a thin outer metal 
cylinder 62 having a lower lip engaging the lower outer corner 
of cylinder 60. Cylinder 62 is preferably snuggly fitted to 
the outer surface of spacing cylinder 60 at a temperature a 
few hundred degrees hotter than the hottest temperature to be 

10 encountered in the oil shale formation so that on cooling to 

room temperature, it will exert a substantial radial compressive 
force on the cylinder 60. An inner metal cylinder 64 engages 
the hole through ceramic spacing cylinder 60 and has a metallic 
lip engaging the upper surface of cylinder 60. Cylinders 62 
and 64 are preferably made of high strength hardened steel so 
that the lips may have substantial force exerted thereon. The 
cylinder 64 engages a coupling 66 which threadably attaches 
the section of inner conductor 48 which is welded to plate 50 
to the next higher section, and the lip on cylinder 62 rests on 

20 the upper end of the lowest section of outer conductor 46. By 
grasping the inner surface of inner conductor 48 with a conven- 
tional internal clamp, a tension may be applied to the lowest 
section of inner conductor 48 , while exerting a downward force 
on an outer clamp engaging coaxial line outer conductor 46, to 
stretch this portion of inner conductor 48 by one percent or 
so. The ceramic spacing cylinder 60 and rings 62 and 64 may 
then be slid on the end of the lower section of inner conductor 
48 and the coupling 66 threadably attached to hold the ceramic 
spacing cylinder 60 in place. On release of the tension on 

30 the lower section of inner conductor 48, the portion of coaxial 
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line outer conductor 46 below the ceramic cylinder 60 will be 
in compression and the lower portion of the inner conductor 
attached to plate 50 will be in tension. As a result , the 
lower dipole half will be attached to the upper dipole half 
firmly grasping the upper and lower surfaces of central ceramic 
cylinder 36. 

In order to suitably reinforce the structure against com- 
pressive forces, the space between coaxial line outer conductor 
46 and the outer radiating cylinder 56 is substantially filled 

10 with a solid dielectric 68. The dielectric 68 is preferably 
structurally strong in compression, has a suitably low attenu- 
ation at RF frequencies, and has a suitably high dielectric 
strength so that voltage breakdown in the dielectric 68 will 
not occur when the system is used with high RF power. 

If desired, the lowest section of coaxial line outer con- 
ductor 46, which is between the ceramic spacing cylinder 60 
and the plate 52, may be made of a metal having a higher thermal 
coefficient of expansion than that of outer radiating cylinder 
56. For example, if cylinder 56 is steel, this lowest section 

20 of conductor 46 may be high strength aluminum. Then, as tempera- 
ture is increased several hundred degress, this portion of con- 
ductor 46 will expand axially as well as radially at a greater 
rate than cylinder 56 thereby maintaining the dielectric 68 
under radial compression. 

A pipe 70, for example of the same diameter as conductor 
46, may be welded to plate 50 and extend downwardly therefrom 
at least to the bottom of the lower dipole cylinder 58. The 
space between pipe 70 and cylinder 58 may be filled with a 
solid dielectric 72 or other solid material in a fashion similar 

30 to dielectric 68. The lower end of pipe 70 may be connected 
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to the lower end of cylinders 58 by a curved plate to elimi- 
nate sharp corners* The dielectric 68 may extend beyond the 
open end of the cylinder 56 as shown so that regions of maximum 
field gradient of the radiated wave will be within a solid 
dielectric. 

The interior of pipe 70 can contain sensing devices such 
as a pressure sensor 74 and a thermal sensor 76 which may tele- 
meter pressure and temperature information to the surface via 
a shielded cable 78 whose shield is electrically grounded to the 

10 inside surface of inner conductor 48. Because the dielectrics 
68 and 72 reinforce the cylinders 56 and 58 against radial 
thrust forces produced by the oil shale when heated, the dipoles 
34 and 38 can withstand very severe lateral forces which may be 
exerted on them due to radial inward thrust produced by thermal 
expansion of the oil shale body 14 when heated by RF energy. 

In addition, the cavity containing the solid dielectric 
68 acts as a resonant radiator load whose impedance is substan- 
tially greater than the input impedance of the antenna in the 
oil shale. This high impedance is coupled to the upper end of 

20 the upper dipole radiator 34 • It has been discovered that the 
impedance of the input to the antenna structure 32 is influenced 
to a large degree when a low impedance or non-resonant load is 
coupled to the upper end of cylinder 56. However, when this 
load is a high impedance, for example, by resonating the load 
inside cylinder. 56, the antenna input impedance is substantially 
unaffected. Even though there is an air space initially between 
the edge of the original borehole 20 and the radiating surfaces 
of the cylinders 56 and 58, a relatively good impedance 
match will occur. Thus, the coaxial transmission line 30 can 

30 be chosen to have an impedance substantially matched to the 
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radiation impedance of dipole radiating structure 32 when the 
oil shale body 14 has been heated and expanded into physical 
contact with the entire outer surfaces of the cylinders 56 
and 58 . Applicant has discovered that such improved impedance 
matching characteristics over a relatively wide bandwidth 
such as 20-30% can occur provided the dielectric 68 has a 
relatively high dielectric constant, such as 5 to 10. This 
approximates the dielectric constant of the oil shale body 
which can be 8 to 16 for unpyrolized oil shale. 

10 In order to maintain a high dielectric strength in trans- 

mission line 30, provision is preferably made for introducing 
and maintaining an inner atmosphere of, for example, argon or 
nitrogen under pressure in the space between inner conductor 48 
and outer conductor 46. For this purpose, metallic O-ring 
gas-tight seals 80 are positioned in grooves in central ceramic 
cylinder 36 contacting the plates 50 and 52. The upper end 
of outer conductor 46 is closed by a ceramic insulating block 
82 through which inner conductor 48 extends with block 82 
being sealed to the top of outer conductor 46 by stretching 

20 inner conductor 48 upwards with a force of several thousand 

pounds and threading onto a flanged coupling 84 onto the upper 
end of conductor 48. Coupling engages the upper surface of 
ceramic block 82 on the upper end of conductor 48. Gas-tight 
metal O-ring seals (not shown) may also be placed in annular 
grooves (not shown) in the upper and lower surfaces of ceramic 
block 82 to engage the lower surface of coupling 84 and the 
top of conductor 46 respectively. Inert gas from a pressure 
tank 124 is connected into outer conductor 46 through a 
control valve 126. 

30 
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An RF generator 86 is coupled to the upper end of trans- 
mission line 30 through a coaxial cable and shielding structure 
88 by connecting the central conductor of cable 88 to coupling 
84. The shielded telemetering cable 78, which may also supply 
power, may be fed through the central conductor and through a 
hollow conductive coil 128 to suitable instruments in a monitor 
l and/or control circuitry module for controlling the power 
level and/or timina sequence of the RF power supplied from 
generator 86 to the dipole radiating structure 32. Hollow 
10 coil 128, which may be 1-inch copper tubing, acts as an RF 

choke at the frequency of generator 86. One end of the choke 
coil 128 is grounded to the outer shield portion of coaxial 
structure 88, and the other end thereof is threaded into a 
metal plug 130 which is in turn threaded into coupling 84. 

The gas or liquid in cylinder 70 may be produced through 
a tubing 132 extending through inner conductor 48 and through 
a ceramic insulating pipe 96 which extends along the axis of 
coil 128 and through outer shield 88 to connect via a valve 98 
to a product storage tank 112. A pump 114 at the lower end of 
20 tubing 132 and supplied with electric power via a shielded 

cable section 116 incorporated in shield cable 78, pumps such 
gas or liquid up through tubing 132. Alternatively, gas 
generated within the formation, or injected into cylinder 70 
from a gas pressure tank 136 through a control valve 138 and 
tubing 132, can be used to drive liquid up tubing 132 into 
tank 112. when valve 138 is closed and valve ^fr- is opened. 

It should be clearly understood that other structures in 
place of dielectric filled cavity 68 could be used to endload 
the radiating cylinder 56 and that the cylinder 56 could be 
30 operated with the dielectric 68 having an electrical length 
which is any odd multiple of a quarter wavelength. 
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The high power applicator of this invention can be used 
with patterns of several such radiators preferably one-half 
wavelength spaced in the oil shale. Examples of various pat- 
terns are set forth in my aforementioned patent. 

Gases or liquids trapped between the oil shale and the 
cylinders 56 or 58 may be released by passing through apertures 
90 in the cylinders 56 and 58 which communicate through passages 
92 cast in the dielectrics 68 and 72. Passages 92 in turn 
lead to openings in the upper surface of the dielectric 68 or 
10 to apertures 94 in pipe 70. 



30 



12- 



1193106 



Description of the Preferred Mode of Operation 
In operation, the dipole radiating structure is lowered 
into the bore 20 in the body of shale 14, An inert gas is 
then introduced into the transmission line structure 30 through 
valve 126 to pressurize the transmission line structure 30 
with a pressure of one or more atmospheres. The well bore is 
then preferably purged with an inert gas introduced, for example, 
through inner conductor 48 and allowed to purge through casing 
22 and a vent 142 in a casing seal 140. The outlet from the 

10 casing seal vent 142 is then closed by closing vent valve 144 
and a pressure of one or more atmospheres of the inert gas 
allowed to build up in the bore 20. 

RP power at a level of, for example, 50 kilowatts and a 
frequency of 10-15 megahertz is applied to the transmission 
line 30 from the RF generator 86. 

Preferably, the frequency chosen produces a maximum or 
resonant impedance across the choke between the free end of 
• the radiating cylinder 56 and the outer surface of the outer 
conductor 46. In practice, if the space is filled with a 

20 dielectric such as the commercially available high temperature 
insulating material, Sauerisen, a dielectric constant of 5 to 
6 will be present in the choke medium 68. A loss tangent of 
this dielectric material may be, for example, between .005 and 
.01. If the tank circuit is steel, a Q of 5 to 15 will occur.- 
When the distance from the free end of the cylinder 56 to the 
steel plate 50 is a quarter wavelength, resonance will occur. 
For example, in the presence of oil shale, this dipole length 
is approximately 5 meters for resonance at a frequency of 
around 11 to 13 megahertz. For the dimensions given for the 

30 choke, a figure of merit "Q" of 10 will produce an impedance 
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of 150 to 200 ohms at the free end of cylinder 56. Because 
the Q is relatively low, this impedance range will be achieved 
over a relatively wide ' range .of frequencies such as from 10 to 
14 megahertz. As the dielectric choke 68 is heated r for example, 
to as high as 500°C, the dimensions of the choke cavity will 
change relatively little. However, if desired, shifting of 
the frequency at the RF generator can bring the dielectric 
choke 68 back into resonance. It has been discovered that at 
choke resonance, even with an air gap between the radiating 

10 surface and the oil shale body 14, the antenna current at the 
outer end of radiator cylinder 56 will be reduced by as much 
as 30 db from the antenna current fed to the midpoint of the 
dipole radiator. For this purpose, the length of the radiating 
cylinder 56 of the upper half of dipole 34 is chosen such that 
it will be substantially a quarter wavelength including 
one-half the thickness of the dielectric cylinder 36 and with 
a dielectric constant for the oil shale body of around 10. 
While the dielectric constant of unheated oil shale, which 
may contain several percent water, may be as high as 16, and 

20 the dielectric constant of spent shale, that is, shale which 
has been heated to produce substantially complete pyrolytic 
decomposition and removal of kerogen, can be under 5. Under 
these conditions, the oil shale heating pattern in the vertical 
plane will be substantially more directive than a conventional 
air core reentrant dipole. 

As the oil shale is heated, it is forced by thermal expan- 
sion into close contact with the radiating surface 56 of the 
upper dipole 34 improving the radiation coupling to the oil 
shale body. This nan occur even though the length of the 

30 radiating dipole surface becomes appreciably less than a quarter 
wavelength in the oil shale. 
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In addition, since a cylindrical dipole of the dimensions 
described herein will have a radiation impedance of around 50 
ohms when radiating into an energy absorbing medium such as 
oil shale, change of this impedance is relatively small when 
the free end of the dipole is maintained at a relatively high 
impedance, such as 100 ohms or greater* Thus, it may be seen 
that if the coaxial transmission line is designed for approxi- 
mately 50 ohms, it will stay substantially matched to the 
radiator as the oil shale body is heated and as the kerogen in 

10 the oil shale is pyrolytically converted to its decomposition 
products which are pumped or forced up the central conductor 
48 by the pressure of gas generated in the oil shale and dif- 
fusing into the bore 20, 

• As the portions of oil shale around the radiator become 
heated and the kerogen in the oil shale decomposes into oil 
and gas, the absorption of the RF energy adjacent bore 20 may 
become reduced partly because the products of decomposition 
have a lower loss tangent and partly because this region now 
has a lower average dielectric constant. This allows a local 

20 expansion of the heated ring of oil shale spaced around the 
radiator at which kerogen is then decomposing and producing 
gas which forces the gaseous and liquid products of such de- 
composition into the bore 20. It also somewhat relieves the 
oil shale thermal expansion force on the external surfaces of 
the dipole radiator. In the absence of a resonance between 
the upper dipole cylinder 56, and the outer conductor 46, the 
impedance at the upper end of the upper dipole radiator would 
approximate 15 to 20 ohms, and the pattern of radiation would 
be much broader while much of the radiating currents would be 

30 lost back up the outside of the coaxial line. 
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The lower dipole radiator 38 does not have its lower end 
loaded by a low impedance since it is spaced far away from 
any other conductor. Hence f no resonant choke is required, 
and the lower ends of cylinders 58 and 70 may be connected by 
welding a toroidal curved steel plate 4fe#§^ between their free 
ends. 

Referring now to FIG. 5, there is shown relative heating 
patterns typical of those produced in the oil shale by electric 
fields radiated from the radiator in accordance with this 

10 invention. Plotted along the vertical axis is vertical distance 
up from the center of the dipole radiator and plotted along 
the horizontal axis is the relative heating pattern. The curves 
are shown by way of illustration only and their temperature 
values will change as functions of heating time, and distance 
from the applicator. Curve 100 shows a plot of the heating 
pattern which can be expected if the dielectric 68 is omitted, 
and the effective wavelength distance into the space between 
conductive cylinders 46 and 56 is around one ninth of a wave- 
length. This curve has a very broad vertical pattern in which 

20 the heating dies off exponentially over a distance of several 
wavelengths back up along the transmission line 30 thereby 
reducing the heating pattern in the region radially outward 
from the radiator. Also, impedance matching to line 30 is 
. poor. 

Curve 102 illustrates a heating pattern expected when the 
dielectric 68 is in the cavity and the frequency is adjusted 
for resonance of the dielectric filled cavity 68 such that the 
length from plate 52 to the upper end of cylinder 56 is an 
electrical quarter wavelength. Impedance matching to line 30 
30 is good and the heating pattern is much more directive in the 
vertical plane. 
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Curve 104 illustrates the heating pattern obtained when 
dielectric 68 is used in the cavity and the applied frequency 
is shifted to be 15% different from the resonant frequency 
used to produce curve 100. Curve 104 is less directive verti- 
cally than curve 100 but is much more vertically directive 
than curve 102. The terms "directive" and "directivity", as 
used herein, are used in the same way as they are conventionally 
used in describing the electric field patterns about antennas 
since such electric field patterns produce the heating patterns 

10 in the oil shale. Thus, it may be seen that by the use of a 
properly loaded cavity coupled to the free ends of the dipole 
radiators, substantially greater directivity of the radiated 
pattern in the vertical plane may be obtained. 

. Referring now to PIG. 6, there is shown a plot of standing 
wave ratio as measured at the input to transmission line 30 
versus frequency. The curve 106 illustrates the high standing 
wave ratio even at resonant frequency of the dipole radiator 32 
in the oil shale 14 such that relatively low power is coupled 
into the radiator 32. The standing wave ratio at 15% off 

20 resonance is also substantially different depending on the 

electrical wavelength distance from the RF generator 86 to the 
radiator 32 alon* the transmission line 30. This extreme 
sensitivity to frequency and the resultant power reflection 
produced by the high standing wave ratio causes the major 
portion of the RF power to be absorbed in the several reflec- 
tions back and forth along the several hundred feet of the 
transmission line 30. Thus,, even with optimum matching con- 
ditions using resonance within the transmission line, coupling 
of substantial amounts of the RF power into the oil shale, to 

30 the desired radial distance, is not easily achieved. Curve 108 
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illustrates the standing wave ratio when the dielectric 68 is 
used. Curve 108 shows frequency varied from resonance to 15% 
away from resonance. At resonance, the transmission line 30 
is selected to be substantially matched to the radiating struc- 
ture 32 when the oil shale 14 is in contact with the radiating 
surfaces of the dipoles. Transmission line 30 is mismatched to 
the radiator 32 by less than 2 to 1 when the frequency is 15% 
different from the resonant frequency. 

Curve 110 illustrates the condition where a radiating 

10 structure, selected to be impedance matched when in contact 
with a typical oil shale body, has the radiating conductive 
surfaces spaced from the oil shale by approximately one-half 
the radius of the radiating cylinder 56. At resonant frequency, 
curve 110 shows standing wave ratio of approximately 1.2 and 
as the frequency is shifted off resonance by 15%, the standing 
wave ratio increases gradually to approximately 2. Applicant 
has discovered that this extremely broad frequency range and 
low standing wave ratio is a predominant result of increasing 
the impedance coupled to the free end of the radiating cylinder 

20 56 by resonating the cavity filled with the dielectric 68. 

This completes the description of the specific embodiment 
of the invention illustrated herein. However, many modifi- 
cations thereof will be apparent to persons of ordinary skill 
in the art without departing from the spirit and scope of this 
invention. For example, materials other than steel could be 
used for the radiating cylinders and other insulators could be 
used for the cast dielectric disclosed herein. Also, other 
shapes and cross-sectional dimensions of the radiating structures 
could be used, and the radiating structure may be used between 

30 pairs of wells spaced less than a tenth of a wavelength apart 
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and with power supplied between the central conductors of the 
lines of adjacent wells to drive the lower section 38 of the 
structure. Accordingly, it is intended that this invention be 
not limited by the particular details of the embodiment illus- 
trated herein except as defined by the appended claims. 



30 
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE 
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS: 

1. A subsurface radiating system comprising: a dipole 
antenna having first and second radiating elements radiating 
into a subsurface medium having a dielectric constant substan- 
tially greater than unity; each of said radiating elements 
having a conductive portion forming a portion of a cavity; a 
transmission line having an inner conductor surrounded by an 
outer conductor electrically connected between said radiating 
elements, said outer conductor being connected to said first 
of said radiating elements and said inner conductor being 
connected to said second of said radiating elements; and 
means comprising a solid dielectric within said cavity portion 
of each of said radiating elements for producing resonant 
loading of a free end of said first one of said dipole radia- 
ting elements and for providing structural reinforcement for 
said first and second radiating elements. 

2. The radiating system in accordance with claim 1 
wherein said loading means comprises a solid dielectrically 
loaded quarter wave choke structure. 

3. The radiating system in accordance with claim 1 
wherein: said solid dielectric substantially surrounds said 
transmission line in said cavity of said first one of said 
radiating elements. 

4. The radiating system in accordance with claim 1 
wherein: said cavity of said first of said radiating elements 
comprises a region between an inner surface portion of said 
first radiating elements and an outer surface of said outer 
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conductor of said transmission line, said cavity being substan- 
tially filled with said solid dielectric to produce loading 
of the free end of said first one of said elements. 

5. A subsurface radiator comprising: a dipole antenna 
having first and second radiating elements; means for connec- 
ting a transmission line between said radiating elements; and 
means comprising a solid dielectric having a dielectric constant 
substantially greater than unity for providing a resonant load, 
coupled to a free end of said first one of said dipole radia- 
ting elements when said one of said radiating elements is 
radiating into a medium having a dielectric constant substan- 
tially greater than unity r and for providing structural rein- 
forcement for each of said first and second radiating elements* 

6. The radiator in accordance with claim 5 wherein said 
load comprises a solid dielectrically loaded quarter wave choke 
structure . 

7. The radiator in accordance with claim 5 wherein said 
load comprises a solid dielectric surrounding said transmis- 
sion line, 

8. The radiator in accordance with claim 5 wherein said 
transmission line comprises an inner conductor surrounded by 
an outer conductor; and the space between the inner surface 

of a cavity portion of said first one of said radiating elements 
and the outer surface of said coaxial line being substantially 
filled with a solid dielectric medium whose dielectric constant 
is greater than unity to form a resonant structure coupled to 
the free end of said first one of said elements. 
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9 * A subsurface radiating system comprising: an antenna 

having first and second radiating elements radiating into a 
subsurface medium having a dielectric constant substantially 
greater than unity; each of said radiating elements having a 
conductive portion forming a portion of a cavity; a transmis- 
sion line connected to said elements; and means comprising a 
solid dielectric within said cavity portion of each of said 
radiating elements for providing a resonant load whose imped- 
ance is substantially greater than the input impedance to said 
antenna and which is coupled to a free end of said first one 
of said radiating elements, and for providing structural rein- 
forcement for said first and second radiating elements* 

10. The radiating system in accordance with claim 9 
wherein said load means comprises a solid dielectrically loaded 
quarter wave choke structure. 

11. The radiating system in accordance with claim 9 
wherein said solid dielectric within said cavity of said first 
one of said radiating elements substantially surrounds said 
transmission line. 

12. The radiating system in accordance with claim 11 
wherein said transmission line comprises an inner conductor 
surrounded by an outer conductor; and said cavity comprises a 
region between an inner surface portion of said first one of 
said radiating elements and an outer surface of said outer 
conductor of said transmission line, said cavity being substan- 
tially filled with said solid dielectric. 

13. A subsurface radiator comprising: an antenna having 
first and second radiating elements; means for connecting a 
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transmission line to said antenna; means in each of said radia- 
ting elements comprising a solid dielectric having a dielectric 
constant substantially greater than unity and providing a 
resonant load coupled to a free end of said first one of said 
radiating elements when said radiating elements are radiating 
into a medium having a dielectric constant substantially greater 
than unity; said transmission line comprising an inner conduc- 
tor surrounded by an outer conductor; and the space between 
the inner surface portion of said first one of said radiating 
elements and an outer surface of said outer conductor of said 
transmission line being substantially filled with said solid 
dielectric whose dielectric constant is greater than unity to 
form said resonant load means, the space between an inner 
surface portion of said second of said radiating elements and 
an outer surface of a conductor having a same diameter as said 
outer conductor, said conductor being electrically connected 
to said inner conductor and said second of said radiating 
elements and extending downwardly parallel to said second of 
said radiating elements, being substantially filled with said 
solid dielectric. 

14. A subsurface radiator comprising: a dipole antenna 

having first and second radiating elements; each of said rad- 
iating elements having a conductive portion forming a portion 
of a cavity, each cavity comprising a solid dielectric means; 
means for connecting a transmission line between said radiating 
elements; and said solid dielectric means having a propagation 
wave velocity substantially less than that of free space and 
providing a resonant load coupled to a free end of said first 
one of said radiating elements when said first one of said 
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radiating elements is radiating into a medium having a propaga- 
tion velocity substantially less than that of free space. 

15. The radiator in accordance with claim 14 wherein 
said loading means comprises a quarter wave choke structure. 

16. The radiator in accordance with claim 14 wherein: 
said solid dielectric means in said cavity of said first one 
of said radiating elements surrounds said transmission line. 

17. The radiator in accordance with claim 14 wherein 
said transmission line comprises an inner conductor surrounded 
by an outer conductor; and the space between the inner surface 
portion of said first one of said radiating elements and an 
outer surface of said outer conductor of said transmission line 
being substantially filled with said solid dielectric means 
whose dielectric constant is greater than unity to form a 
resonant structure loading said free end of said dipole antenna. 

18. A subsurface radiating system comprising: a dipole 
antenna having first and second radiating elements radiating 
into a subsurface body of oil shale; each of said elements hav- 
ing a conductive portion forming a portion of a cavity sub- 
stantially filled with a solid dielectric; a transmission line 
electrically connected between the midpoint of said dipole 
antenna and an inner and outer conductor of said transmission 
line; and said transmission line being surrounded by said 
solid dielectric within said cavity portion of said first one 
of said radiating elements of said dipole antenna. 

19. The radiating system in accordance with claim 18 
wherein said solid dielectric comprises a quarter wave choke 
structure . 
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20. 



The radiating system in accordance with claim 18 



wherein said inner conductor of said transmission line is 
surrounded by said outer conductor with a region between an 
inner surface portion of said first one of said radiating 
elements and an outer surface of said outer conductor of said 
transmission line, said cavity being substantially filled with 
said solid dielectric to produce loading of a free end of 
said dipole antenna. 

21. The radiating system in accordance with claim 1 
wherein: said cavity of said second of said radiating elements 
comprises a region between an inner surface portion of said 
second of said radiating elements and an outer surface of a 
conductor having a same diameter as said outer conductor, said 
conductor being electrically connected to said inner conductor 
and said second of said radiating elements, and extending down- 
wardly parallel to said second of said radiating elements, 
said cavity being substantially filled with said solid dielec- 
tric. 

22. The radiator in accordance with claim 14 wherein: 
said cavity of said second of said radiating elements comprises 
a region between an inner surface portion of said second of 
said radiating elements and an outer surface of a conductor 
having a same diameter as said outer conductor, said conductor 
being electrically connected to said inner conductor and said 
second of said radiating elements, and extending downwardly 
parallel to said second of said radiating elements, said cavity 
being substantially filled with said solid dielectric. 
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23. 



The radiating system in accordance with claim 18 



wherein: said cavity of said second of said radiating elements 
comprises a region between an inner surface portion of said 
second of said radiating elements and an outer surface of a 
conductor having a same diameter as said outer conductor, said 
conductor being electrically connected to said inner conductor 
and said second of said radiating elements, and extending 
downwardly parallel to said second of said radiating elements, 
said cavity being substantially filled with said solid die- 
lectric. 
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